For many years the authors have been engaged in development of numerical models to contribute to the design of Hot Dry Rock geothermal power generation. In Japan, however, the research projects concerned in HDR were discontinued in 2004, leaving a part of the research works unfinished. This paper documents two of the fully 3D modeling systems originally developed in this research: one is a finite difference based model and the other is a boundary element based model. Our hope is that this paper will support future reopening of investigation into HDR geothermal energy development.
1．INTRODUCTION
In a hot dry rock geothermal power generation system, two or more wells are drilled into hot dry rock located underground. High-pressure water is injected through one of the wells to forms artificial fractures. After the wells are connected by the artificial fractures, the injected water passes through the fracture and is recovered at ground level in the form of steam or hot water, which can then be used for power generation.
From 1981 to 1986, NEDO (New Energy and industrial technology Development Organization) participated in joint research at Fenton Hill, New Mexico, U.S.A. with the United States and West Germany under an implementation agreement of the International Energy Agency (IEA). On the basis of this research, more recently, NEDO had been conducting studies in Hijiori, Yamagata Prefecture that are more typical of the geological conditions found in Japan. In 1991, a three-month circulation test was carried out in Hijiori using a 1,800 m deep artificial reservoir, one injection well and three production wells. To create a larger scale and higher temperature reservoir, a deep artificial reservoir was formed by hydraulic fracturing at a depth of about 2,200 m in 1992. A larger-scale circulation tests were conducted in 1995 and 1996.
The long-term circulation experiments were conducted for one year and seven months (from December 2000 to August 2002) to conf irm the feasibility of hot dry rock power generation. For the last three months of the experiment, a "Generator Test" was also implemented to demonstrate the performance of reservoirs using a binary power unit (130KW) for produce steam. These circulations were successfully achieved over a period of approximately 550 days whereby valuable data was obtained towards the practical use of a Hot Dry Rock Power Generation System.
During the same time period, CRIEPI (The Central Research Institute of Electric Power Industry) developed an HDR geothermal reservoir at Ogachi in Akita Prefecture. As a part of research on the Ogachi HDR site, a three-dimensional finite difference porous media model, named GEOTH3D, was independently developed by CRIEPI 1) . In addition, a threedimensional boundary element based model, which consists of four main subsystems, was developed by a research group of Yamaguchi University 2) .
2．CRIEPI'S MODEL
Early in 1988, SHANON Ⅱ -a 2D Galerkin finite element Fortran program for two-phase liquid water and steam flow in either macroscopic porous or fractured media was completed and verified using simple classical examples 3) . In particularly, by considering the liquid-steam phase transition of water, it was demonstrated that if the production rate is too large, over production can occur and the pressure and temperature can decline dramatically as an unsaturated domain appears and spreads. In contrast, analysis using only single-phase assumptions gives a far more moderate decline. These results obtained using a porous model indicate that disregarding twophase mechanisms risks obtaining an unrealistically optimistic evaluation. In a fractured model limited to 2D, the fracture cannot be represented as a generally oriented disk. Furthermore, the aperture versus pressure relation in this early model was not calculated using coupled flow and elastic deformation. Nevertheless, it demonstrated that larger injection rate result in earlier production cooling.
The more practical numerical simulation to history matching level appeared ten years later. In 1998, following the pioneer work of Faust & Mercer 4) , a three-dimensional finite difference method named GEOTH3D was developed.
3．FUNDAMENTALS OF GEOTH3D

３・１ Assumptions
The momentum balance is expressed as Darcy's law for seepage flow in macroscopic porous media. Capillary pressure is neglected due to the high temperature or high pressure condition, i.e.
where subscript s indicates steam phase and l indicates liquid water phase. Thermal balance is instantaneously reached among rock, liquid water and steam. The flow consists of one composition (H 2 O) but two phases (liquid and steam). Relative permeability depends only on liquid water saturation. Nowadays it has come to recognized that poroelastic and thermoelastic mechanisms may play important roles in the reservoir behavior and should be included in the simulators. But eight years ago when GEOTH3D was developed, thermoelastic effect was neglected and poroelastic effect used to be simplified as that porosity depends on pressure linearly, i.e.
where Φ 0 is initial porosity (-), β r is compressibility of rock (Pa -1 ), P 0 is initial pressure (Pa). Specific enthalpy of rock (J/ kg) is a linear function of temperature, i.e.
where c r is specific heat of rock (J/kg/k), T is temperature (k). Rock mass density, absolute permeability, specific heat and compressibility are functions of position. Positional water head of reservoir is the function of position only.
３・２ Fundamental equations
To each phase, from mass conservation
where S is phase saturation (-), is phase average velocity vector (m/s), q' is source or sink term (kg/s/m 3 ), d v is increased steam mass by vaporization (kg/s/m 3 ).
Simplifying from momentum conservation yields Darcy law ……………………………… (6) ……………………………… (7) where κ is absolute intrinsic permeability tensor (m 2 ), k is relative permeability (-), μ is dynamic viscosity (Pa·s), D = − g・ H is gravitational potential. Relative permeability is calculated as follows Corey 5),
where S sres , S lres are residual saturation of steam and liquid water respectively, and Figure 1 shows examples of Corey's curves. From energy conservative …… (9) ……… (10) ……………………… (11) where h is specific enthalpy, , are heat flux vector by conduction and diffusion of flow mixture, respectively, Q' is energy exchange among steam, liquid and rock, subscript r indicates rock.
As the macroscopic velocity of seepage flow is very small, kinetic energy like viscous exhaustion and work done by pressure are small enough to be neglected compared with transported thermal energy.
Combining (4), (5) and summarizing (9), (10), (11) as well as substituting (6), (7) yields …… (12) Fig.1 Corey's relative permeability curves (Ssres=0.1, Swres=0.3). …………… (13) where, composite density of flow mixture
According to Budiansky, the overall conductivity of a system consisting of steam, liquid water and rock, i.e., κ m can be calculated as follows 6) , ……………………… (14) where the composite heat conductivity of flow mixture κ f is from …………………… (15)
３・３ Discretization and solution
As shown in Figure 2 , the scalar unknowns P and h are discretized at the centre of the staggered latticed cells with their vector differentials ∇P or ∇h defined at common boundaries between cells. Volumetric integration of the simultaneous equations (12), (13) over the difference cells and application of Gauss theorem ……… (16) ………… (17) where F, G express the residuals,
Spatially, the transmissivity is discredited the same as the vector gradients of pressure / enthalpy, e.g., flux at the x positive direction of a cell face is where A is the area of the corresponding cell surface and The densityρ , absolute permeability κ and mixed heat conductivity κ m should all be exchanged into quantities at cell boundaries, e.g., As Newton iteration is adopted to solve the nonlinear simultaneous equations, the following elements of Jacobian matrix are needed. superscript n indicates time step. Within the same time step, alternating iteration is needed.
〈4〉
… (23) …………………………… (24) where superscript (v) indicate iteration step. If at step(v), the iteration converges, then ………………… (25)
Particularly, the donor cells (upwind scheme) are used to calculate the transmissivity related terms, e.g., …
Moreover, in order to avoid computation instability, the derivatives of temperature ( T/ P) h must be calculated as forward difference in the case of a single liquid phase but backward difference in the case of steam and liquid two-phase; ( T/ h) P must be calculated as backward difference in case of single liquid phase but 0 in case of two-phase.
Flow chart of GEOTH3D is shown in Figure 4 .
4．VALIDATED AND APPLICATION
GEOTH3D was first validated by comparison with other existing codes after Pruess 7)
. Over the range of interest, it gives the same results even in two-phase case. In Ogachi experimental site, the highest temperature is 240ºC at a depth of 1000m (subsurface water table is about 300m deep), this means that only compressed liquid water (single-phase) exists throughout the reservoir according to Figure 3 . Therefore, it is not necessary to consider two-phase flow except in the production well.
According to Gutenberg-Richter equation log E s = 5.8 + 2.4M B , characteristic magnitudes of microseismicity events those are called AE (Acoustic Emission), M B , are exchanged into the accumulative energy within the same block cell. To keep permeability continuous in those AE-blank blocks, the moving average is adopted.
where
These partial differentials are numerically approximated by taking advantage of the water-steam thermodynamic data as shown in Figure 3 . In the f igure 'density' indicates the normalized density having divided by the density under the standard condition.
Then Newton method means to solve ……………………………
The time derivative terms in F and G are expressed using a backward difference as the form Ψ/ t = (Ψ n +1 −Ψ n )/Δ t , where Fig.3 The relation of pressure and enthalpy for pure water.
……………………… (28) where r is the distance from block centroid to each of 18 neighboring block' s centroids, s is length of block side.
Accumulative energy E i, j, k is assumed an equivalent emission from the block centroid and its corresponding magnitude is graded into 5 ranks which define the permeability and initial porosity, as shown in Table 1 .
In this investigation, the numerical system was built under the assumption that AE directly concern to permeability although it is not self-evident and importance of aseismic permeable zone is being noticed.
Selected simulation results are shown as Figure 5 and Table 2 . The conformity between the experiment and simulation demonstrates that GEOTH3D is basically effective and its modeling was roughly adequate.
The overestimate' of recovery in Ogachi was understood later to be due to leaking joints beneath the reservoir.
In CRIEPI's continuous research, the focus was on increasing computational robustness and numerical accuracy. Since only pressurized hot water exists within the reservoir, the code was revised as single phase and the energy equation was ignored. Based this simplification, it was possible to perform many detailed simulations, e.g., comparing one option to drill a new production well with the other to install down-hole pump in the existing well, considering the natural joints connecting with the reservoir bottom, improving simulation accuracy, etc.
5．BEM BASED MODEL
As shown in Figure 6 , the boundary element method (BEM) model combines thermoelastic, flow and heat extraction analyses, and consists of the following four main subsystems:
① 3D BEM analysis of non-steady heat conduction in infinite solid 8, 9) , ② 3D DDM (Displacement Discontinuity Method) and 3D FSM (Fictitious Stress Method) analyses of isothermal elasticity of infinite solid 10, 11) , ③ 3D DDM analysis of fracture mechanics at fracture tip 12, 13) and ④ Coupled isothermal stress-flow analysis introducing quasi-3D FEM analysis 14, 15) . Transient 3D thermoelastic deformation due to temperature change can be given from ①. Precise heat transfer from rock to fluid must be introduced for precise calculation of heat extraction but it is usually approximated as that fluid and rock temperature are equal on the rock surface boundary.
Initial temperature (T) and initial stress (σ ) distributions are assumed as follows: G represents temperature change of the observation point x at time t if unit heat was input into the source point x' at time τ, where ▏x − x' ▏ is distance between x and x'.
６・２ Boundary conditions
The initial condition is
where τ 0 is initial time and u 0 is initial temperature.
Conditions on a given boundary are as follows:
where s is a point on the boundary, u ▔ is temperature on the boundary, q ▔ is heat flux on the boundary, n is outer directed normal line, λ is thermal conductivity of rock, α is heat transfer coefficient between fluid and rock and u f is temperature of fluid around the boundary.
６・３ Descretized integral equation
In case of no heat source, i.e. h(x', t) = 0, the following discretized integral equations are given:
where the total domain, Ω is divided into n v tetrahedron elements, the boundary area Γ is divided into n b triangle leaf elements, total time span Stress intensity factor of mode I (K I ) along the extension of fracture plane is given as follows:
where σ n (r, 0) : stress component normal to plane along the prolongation of fracture plane (θ = 0) r : distance from fracture tip
6．NON-STEADY HEAT CONDUCTION
６・１ Fundamental solution of differential equation
The differential equation of conduction of heat in an isotropic solid is given by …………………………
where K is thermal diffusivity, h is heat source and u is temperature. Fundamental solution of equation (32) is given by 
６・４ Special procedure for approximate integration
As shown in Figure 7a , the distribution of the values of f (T, r) = e − r 2 T 2 becomes extremely acute with increase of time, T. It means that the method such as Gauss' numerical integration is not applicable and a special procedure for approximate integration is required.
When R 1 is the minimum distance between center of gravity and the sides of a triangle and the inequality,
is satisfied, the following formula comes into existence:
Now, let ε be 10 -4 and T be 20.0 in case of Figure 7b . Then, R 1 = 0.5 > /T = 0.15. It means equation (42) is satisfied and πε/T 2 < 10 -6 . Therefore, the result of approximation by equation (44) is 7.840 × 10 -3 and the error is less than 10 -6 . ６・５ Heat conduction around a disc fracture Figure 8 shows the boundary element division of the disc fracture model whose radius is R. Figure 9a , b shows the computed results for a given boundary condition.
7．ISOTHERMAL ELASTICITY
７・１ Behavior of fractured reservoir
The procedure, the algorithm and a computing code of two-dimensional DDM (Displacement Discontinuity Method) has been presented by Crouch & Starfield 16) . For fluid flow in a multi-fractured reservoir, the opening in each individual fracture is not equal. Hence, the behavior of four parallel strip fractures, which are uniformly pressurized was investigated by numerical analysis using 2D-DDM. Figure 10a , b shows aperture distributions of two kinds of four fracture models. It can be seen from the figure that apertures of two outside fractures are significantly greater than those of inside fractures, and in case of 2m-interval fracture, the inner surface of the outside fracture moves outward.
７・２ 3D-DDM
The three dimensional elastic analyses by FSM (Fictitious Stress Method) and by DDM with boundary division into triangular elements and with influence coefficient expression by pure analytical integrations so as to make the codes fast and (a) (b) Fig.8 Boundary element division of the disc fracture model for non-steady heat conduction analysis.
vertices P 1 (x 1 , y 1 , o), P 2 (x 2 , y 2 , o) and P 3 (x 3 , y 3 , o) against an arbitrary point P (x, y, z) can be expressed as …… (46) the displacement component u z induced can be put in the following form:
accurate has been established by Kuriyama & Mizuta 10, 11) . Considering a triangular leaf element on a boundary in an elastic solid which local rectangular coordinate o-xyz with z-axis normal to the leaf plane, the stress components σ z induced at an arbitrary point (x, y, z) by constant displacement discontinuity components (D x , D y , D z ) over the leaf element can be put in the following form:
… (45) where the influence function f from the triangle with three (b) (a) Fig.11 Approximation of a disc boundary by a polygon consisting of 108 (a) and 216 (b) triangular leaf elements, and aperture distributions computed from those modeling.
(b) (a) For a single fracture boundary model in an infinite solid that is subjected to tensile stress (z-direction), aperture distribution of the fracture was calculated by using 3D-DDM. Figure 11a , b shows the two kinds of boundary element division of disc fracture model and the corresponding aperture distributions resulted. The closed form solution given by the following equation is also shown in the figure.
……………………………… (48) where c is radius of disc fracture, S z is applied outer tensile stress (or inner fluid pressure). The f igure shows that numerical result gives overestimation if the boundary is divided into course elements. But it can give good estimation if the boundary is divided into a number of fine elements.
Behavior of multi-crack reservoir subjected to rock stress and fluid pressure can also be investigated through calculation by 3D-DDM.
8．DDM ELEMENT AT FRACTURE TIP
８・１ Influence coefficient for crack edge element
In order to be applied fracture mechanics problems, a more sophisticated square-root crack edge element for 3D-DDM must be exploited because the constant element can not give the satisfactory results in the vicinity close to the crack front.
If z-component of the displacement discontinuity ũ z is not constant over the element but Figure 12a , b respectively and D z represents the displacement discontinuity at the center of gravity. Then the influence function should change into the form …… (49)
For a crack edge element, make z 0, to obtain ………… (50)
Hence, the main problem to establish the triangular square-root crack edge element codes is to evaluate the following influencing function in the analytical form ……………………………………… (51) and it was presented by Li et al. 12, 13) .
８・２ Stress intensity factor
The authors estimated stress intensity factor K I in the vicinity closely ahead of crack front by using the computing codes developed by them for a model of disk fracture. The disk fracture boundary that is approximated by a polygon consisting of constant elements and crack edge elements, is the same as one shown in Figure 11a . The values of stress intensity factor K I close to the crack edge are shown in Table 3 . Those values are compared with strict solution for exactly circular disk fracture and the values estimated from the model whose boundary is approximated by a polygon consisting of constant discontinuity elements.
The table shows that crack edge element can give much better estimation of K I close to crack edge in spite of rough shape approximation and coarse division into elements, where constant element is totally unreliable.
In this BEM numerical code, only opening mode, K I , was taken into account although it is known that occurrence of shearing slip of pre-existing fracture below jacking pressure and permeable passage is produced by that.
In this investigation, authors are to show a distinct problem accompanied with HDR geothermal energy development in the early stage and also show an actual in-situ fluid injection test whose experimental results can be simulated by the numerical code in which K I is considered.
9．COUPLED STRESS-FLOW ANAYSIS
９・１ Steady state problem
An example of the computed results of coupled stress-flow analysis for a model of steady state flow due to fluid circulation through two boreholes that intersect a horizontal disc fracture is shown in Mizuta & Fairhurst 14) , dividing into rectangular leaf element approximated disc fracture boundary. In the model, rock around the fracture is subjected to rock stress (σ 1 , σ 2 , σ 3 ), and fluid whose viscosity is μ is injected and brought up under constant pressures, P i at inlet and P o at outlet. The fracture aperture distribution in the disc fracture was obtained by dividing the fracture into DDM elements and fluid flow in the fracture was discredited by FEM elements whose thickness corresponds to fracture aperture at center of gravity of each element. As FEM model is very thin, fluid velocity component perpendicular to the fracture was neglected. It was found from the calculated results that most of fluid flows through central part of the fracture and that fluid pressure gradient is large only around the outlet. It may suggest that submersible pump attached in the outlet borehole is effective to make larger circulation volume. ９・２ Non-steady state problem A hydrofracturing experiment was carried out at an underground site. An artificial fracture perpendicular to the injection borehole was made by hydrofracturing assisted by abrasive water jet. That is, rotating of abrasive water jet nozzle made a disc slot around the borehole and the fracture along prolongation of the disc slot was produced by hydrofracturing. After such a fracture was produced, fracture re-opening was carried out and injected fluid flows out from sidewall of the cavern. Figure 13a shows the plan of the experimental site and the arrangements of the experiment. Distribution of rock surface displacements caused by fluid injection was measured by 24 LVDTs (Linear Variable Differential Transformers) attached between the framework constructed on the floor and rock surface of the sidewall. Figure 13b shows the arrangement of 24 LVDTs. The model for numerical analysis is shown in Figure 13c where the opening boundary is divided into FSM elements and the fracture boundary is divided into DDM elements. Figure 14 shows the pressure-time and flow rate-time curves obtained from fracture re-opening experiment. The figure shows the difference of the pressures at the intersections with the injection hole and the observation hole is greater than the pressure difference between observation hole and rock surface. Figure 15a shows the variations of the rock surface displacements with time passage, which are measured by four LVDTs corresponding to the numbers shown in Figure 13b and predictively computed for those points. Figure 15b shows the fracture openings corresponding to the positions of the injection hole and the observation hole.
It can be seen from Figure 15a , b that the variations measured and computed are similar although those are slightly different in the beginning of the re-opening.
10．CONCLUSION
The HDR research group led by CRIEPI developed a 3D f inite difference system, GEOTE3D, for more practical numerical simulation of in-situ Hot Dry Rock geothermal extraction. It was validated by comparison with some other existing codes and it was applied for simulation of fluid circulation test carried out in Ogachi site. The HDR research group led by Yamaguchi University also developed a 3D boundary element based system for fast and precise numerical simulation of HDR geothermal extraction. They developed four kinds of the subsystems. The procedures of those were described and the examples of the results computed by those were illustrated. When those subsystems are combined to be one total system and 3D thermoelasticiy due to temperature change is added to it, it will contribute to HDR geothermal power generation design. 
